The tumour microenvironment is considered to be responsible for the outcome of cancer treatment and therefore it is extremely important to characterize and quantify it. Unfortunately, most of the experimental techniques available now are invasive and generally it is not known how this influences the results. Non-invasive methods on the other hand have a geometrical resolution that is not always suited for the modelling of the tumour response. Theoretical simulation of the microenvironment may be an alternative method that can provide quantitative data for accurately describing tumour tissues. This paper presents a computerized model that allows the simulation of the tumour oxygenation. The model simulates numerically the fundamental physical processes of oxygen diffusion and consumption in a two-dimensional geometry in order to study the influence of the different parameters describing the tissue geometry. The paper also presents a novel method to simulate the effects of diffusion-limited (chronic) hypoxia and perfusion-limited (acute) hypoxia.
All these suggest that theoretical modelling of tissue oxygenation starting from the basic principles is a robust method that can be used to quantify the tissue oxygenation and to provide input parameters for other simulations.
Introduction
The tumour microenvironment is very important in determining the outcome of cancer treatment and therefore many efforts have been made in order to characterize and quantify it. While the experimental techniques available now provide useful information for the qualitative characterization of tumour oxygenation, almost all of these techniques are invasive and generally it is not clear how the microenvironment is perturbed by the investigation method. For some less invasive methods like MRI and PET, the geometrical resolution that can be obtained now is too poor to allow a detailed quantification of the tumour microenvironment as may be required, for example, in boosting the dose to tumour regions suspected of having excessive proliferation or reduced blood flow (resulting in local hypoxia).
One alternative method for characterizing quantitatively the tumour microenvironment is the theoretical simulation of the tissue based on measurable physical parameters. Thus, knowing the physical parameters of the tissue, one can use the equations that describe the fundamental physical processes in order to calculate theoretically the properties of the tissue microenvironment. In this respect, theoretical simulation of the tumour microenvironment is now the only available tool that may provide quantitative data for accurately describing tumour tissues, the only limitation being the computing power available. Furthermore, computer modelling of tumours allows a controlled simulation of the two forms of hypoxia, diffusionlimited (chronic) and perfusion-limited (acute). This is very important for studies of the tumour response to radiation as the two types of hypoxia may have different responses to radiation Daşu 1999, Daşu 2000) .
There have been many attempts to theoretically describe tissue oxygenation. The first simulations such as those of Krogh (1919) and Hill (1928) described systems with simple geometry for which an analytical approach could be employed. In spite of the simplicity of the systems, their approach was later used by Thomlinson and Gray (1955) to describe for the first time the appearance of chronic hypoxia and by Tannock (1972) to describe tissue oxygenation. A more complex mathematical approach was later used by Hudson and Cater (1964) , but they were also limited to systems with regularly placed blood vessels. More recently, the equation used by Tannock (1972) was also used to describe the oxygen diffusion through tissues with different degrees of complexity (Toma-Daşu et al 2001 , Nilsson et al 2002 . Other approaches employed numerical methods for describing the tissue oxygenation (Secomb et al 1993 , Pogue et al 2001 . All these methods give an oxygenation map of the simulated tissue but none of them is versatile enough to take into consideration the details of the vascular network and to allow the simulation of both the chronic hypoxic regions and the acute hypoxic regions on the same tissue, as happens in real tumours.
It is the purpose of this paper to present a computerized model that allows the simulation of diffusion-limited and perfusion-limited hypoxia in a two-dimensional geometry and to study the influence of the different parameters describing the tissue geometry on tissue oxygenation.
Background

Oxygen diffusion equation
The general equation that describes the movement of a gas in space is dc dt
where c is the concentration of the gas, D is the diffusion coefficient of the gas, u is the flowing velocity of the gas, s(c) is a general function describing the local production of the gas and q(c) is a general function describing the local consumption of the gas. Thus in the equation above the term ∇(D∇c) describes the movement through diffusion and the term ∇c · u describes the movement through convection. For the case of oxygen in mammalian tissues, equation (1) could be simplified by taking into account the particularities of the case. As in the tissue (outside the blood vessels) there are no significant currents except those determined by the intrinsic oxygen gradients, the convection term ∇c · u can be neglected. Furthermore, the term describing the local production of oxygen s(c) is also zero, as mammalian cells only consume oxygen.
Thus, the movement of oxygen is given only by diffusion and consumption and the general equation describing the process is dc dt
The diffusion coefficient D in equation (2) implies that the tissue is homogeneous. In reality this is not the case, as oxygen passes successively through the intracellular fluid, cell membranes and cytoplasm (Popel 1989) , but using an average diffusion coefficient has been proved to be a satisfactory approximation for many years (Krogh 1919 , Tannock 1972 , Pogue et al 2001 .
For most practical cases, oxygen diffusion into tissue may be assumed to be a stationary process. This is, on the one hand, because the oxygen concentration in the capillary network does not follow the variations induced by heart pumping in the major blood vessels. On the other hand, if one is not concerned with the actual event of opening a previously closed blood vessel, as the non-stationary evolution of the system is very short (Hill 1928) , acute hypoxia may be very well described by the stationary equation. Even the process of appearance of new blood vessels through angiogenesis may be neglected as this process has a time scale of days (Folkman 1976) , much longer than the time scale of minutes of acute hypoxia (Brown 1979) .
Thus the differential equation describing the oxygen distribution in tissue may be written as
Keeping in mind the direct relationship between gas concentration and partial pressure, equation (3) can be rewritten as
where p is the local partial oxygen pressure or p O 2 . By solving equation (4) one could then obtain the distribution of oxygen pressures in tissue as the result of diffusion and consumption. Solving this partial differential equation is possible analytically only for simple cases with respect to the geometry of the system and the consumption factor (Krogh 1919 , Hill 1928 , Hudson and Cater 1964 , Tannock 1972 . Unfortunately, as the geometry is modified by taking into consideration more blood vessels forming a more or less non-regular lattice, the diffusion equation no longer has an analytical solution and a numerical approach has to be employed.
Oxygen diffusion parameters
As with many other modelling applications special attention has to be given to the parameters used in the diffusion equation. For the average oxygen diffusion coefficient in tissue D there is a large consensus in the literature. We have therefore used the most often quoted value of D 37
• C = 2 × 10 −5 cm 2 s −1 (Tannock 1972 , Pogue et al 2001 . The largest problem is the consumption rate q(p). Many authors have considered a zero-order consumption function, i.e. a constant consumption rate independent of p O 2 (Krogh 1919 , Tannock 1972 , Pogue et al 2001 , Secomb et al 1993 . However, it is agreed that this is a reasonable assumption only as long as the oxygen concentration is above a certain threshold value.
A more realistic assumption would be that the consumption function is described by the Michaelis-Menten equation (5) characteristic of metabolic processes. This type of equation was observed for the oxygen consumption rate in the late 1920s and early 1930s (Tang 1933) . The Michaelis-Menten equation has a sigmoid shape that can be interpreted as an almost constant consumption rate for high concentration of oxygen, followed by a rapid decrease as the oxygen concentration decreases. This equation has the advantage of describing more accurately the consumption at low p O 2 and is compatible with previous modelling of oxygen diffusion into tissue with constant consumption rate, thus allowing the possibility of comparison with previous studies.
where q max is the maximum consumption rate in mmHg s −1 , p is the oxygen partial pressure and k is the pressure where the consumption rate decreases to one half of the maximum value. The k constant seems to have little influence on the diffusion at low p O 2 and therefore we have used a value of 2.5 mmHg, equal to the hypoxic threshold often used in the Alper and Howard-Flanders (1956) equation describing the OER.
In spite of the agreement with respect to the diffusion coefficient, the maximum consumption rate q max is much debated (Gullino et al 1967 , Vaupel et al 1989 , Olive et al 1992 , Dewhirst et al 1994 . There are several possible explanations for the large range of values reported in the literature. One of the most likely is that the consumption rate is a parameter greatly influenced by the metabolic characteristics of the tissue in which it has been measured (see, for example, Hill (1928) for the consumption rates in active versus inactive muscle). This may pose some problems as the metabolic rate varies not only from tissue to tissue, but also from one organism to another.
Another explanation may reside in the units used for the consumption rate. If the consumption rate is reported as volume of oxygen consumed per unit volume tissue, variation of the temperature and pressure conditions for the measurement of oxygen volume may lead to variations in the reported values. We have, however, assumed that all the consumption rates were reported for normal conditions of temperature and pressure.
Another possible source of variation may be the method of deriving the oxygen consumption rate. Thus, if the oxygen consumption rate is measured by interpolating or extrapolating the experimental results obtained with an invasive method, the invasiveness of the method may influence the results and therefore the obtained value may not necessarily reflect the real consumption rate in the tissue.
For our simulations, we have used the most often quoted value of 15 mmHg s −1 for the maximum consumption rate (Thomlinson and Gray 1955, Tannock 1972 ). This consumption rate gives a maximum diffusion distance of 143 µm comparable to the 145 µm reported in 1955 by Thomlinson and Gray for a blood vessel with 40 mmHg (Thomlinson and Gray 1955) .
For other applications, one has to ensure that the proper value of the oxygen consumption rate is used. However, for the purpose of this paper the use of a representative value was considered appropriate as it does not change the conceptual results.
The diffusion equation was solved numerically for the parameters chosen according to the assumptions above by using a finite element method.
Conditions of simulation
Any theoretical simulation of the tissue microenvironment has to take into consideration the structure of the vascular network that supplies the oxygen to the tissue cells. The vascular network of tumours is very different from that of normal tissues. Because tumours are not structures 'programmed' to exist in an organism, they lack a proper vascular network and usually they parasitize existing blood vessels from the surrounding healthy tissue and force them to grow new vessels though angiogenesis. But even this continuous generation of new blood vessels is very quickly outgrown by the fast proliferating tumour cells. The result is a non-regular, almost chaotic network of blood vessels in the tumour, in contrast to the regular and well-structured network of the normal tissues. One has, therefore, to take into consideration the actual details of the distribution of blood vessels in the tissue to be modelled. As the vascular structure is difficult to determine in vivo due to technology limitations one has to extract and extrapolate the results obtained from other sources. It is well known that normal tissues have regular vascular networks that are well described and accepted in certain circumstances (e.g., muscle networks, subcutaneous skin networks etc). As for tumours, it was observed that vasculature is a characteristic for types or at least groups of tumours (Konerding et al 1999) . Thus, one may use a histological section through tissue (e.g., a removed tumour) that gives a two-dimensional distribution of the blood vessels. Furthermore, the use of mismatch techniques (Chaplin et al 1987 , Bussink et al 1999 , Rijken et al 2000 could provide information on which blood vessels in the tissue are open at the time of investigation as well as the dynamics of the closure and opening of the blood vessels. An alternative method is the use of resin casts of tissue capillaries (Konerding et al 1999) . This latter method has the advantage of describing the three-dimensional distribution of the blood vessels. Thus, one may use such material for describing the properties of classes or groups of tissues in spite of the large variability encountered in biology.
The tumour vascular network is usually described in terms of distributions of intervascular distances or with the help of fractal theory. The former can be easily used for twodimensional structures and the latter is more suited for describing the branching of vessels in three-dimensional structures. For our modelling, we have considered distributions of the intervascular distances with biologically relevant parameters. The range of these parameters was found by fitting experimental data measured by Konerding et al (1999) with lognormal distributions in order to avoid biologically irrelevant negative values (figure 1). The distributions were characterized by the mean value and the coefficient of variation (CV or relative standard deviation). This approach allowed us to describe almost any tissue types with respect to the vascular lattice. Thus, tissues with regularly positioned blood vessels can be described as having an extremely narrow distribution of the intervascular distances (i.e. with a coefficient of variation equal to zero). On the other hand, tissues with more irregular lattices have associated distributions with different degrees of variability.
By using a Monte Carlo method we have generated two-dimensional tissues with the desired log-normal distributions of the intervascular distances. This is a simplification with respect to the real three-dimensional structure of tissues, but not an unreasonable one. In a first approximation it may be assumed for symmetry reasons that there are no crossing currents through the plane of interest (assumed to be quite far from vessel branching points). This is a reasonable assumption if all the blood vessels are perpendicular or at least crossing the plane of interest. For normal tissues, this condition is easily satisfied as they are characterized by regular networks with many parallel vessels (e.g. the muscle networks). For tumours, the greatest problem is caused by the blood vessels that may be parallel with the plane of interest. But as the mean intervascular distance is comparable with the maximum oxygen diffusion distance, the contribution from such vessels can be neglected in a first approximation. These vessels may, however, be taken into consideration for the interpretation of apparently paradoxical real data from histological sections through removed tumours.
After generating the tissue structure, we have defined the oxygen tension in the blood vessels in the tissue according to the characteristics of that tissue, i.e. high values for normal tissues and low values for tumours. In reality different oxygen tension exists in various vessels for the same tissue, but as this adds a further complication to our simulation, we have considered that the same oxygen tension exists in all the vessels in the tissue. The blood vessels were assumed to act as Dirichlet boundaries with the set oxygen tension. For the edge of the domain, no significant differences were seen if it were considered a Neumann (periodical) or a Dirichlet boundary, provided that the p O 2 was allowed to decrease enough. This approach allowed us to investigate the influence of the geometrical disposition of the blood vessels on the tissue oxygenation. Due to the limitation imposed on the method by the computing power available, only tissues a few millimetres in diameter have been modelled with a sub-cell spatial resolution. However, given the randomness of the method, the results are expected to be valid for tissues of several centimetres in diameter. By solving numerically the oxygen diffusion equation (4) we have found the oxygenation maps for the tissues of interest. Given the details of the method, it is reasonable to assume that these oxygenation maps reflect only the diffusion-limited (chronic) hypoxia.
The perfusion-limited (acute) hypoxia was simulated by removing randomly a certain fraction of the tissue blood vessels generated according to the method described above. By solving the diffusion equation (4) for this new tissue, we were able to find a new oxygenation map that reflected the temporary closure of some blood vessels. This novel approach allowed us to compare the new oxygenation map to that of a tissue where all the blood vessels were open (a case where only chronic hypoxia exists). Figure 2 shows in the left-hand panels the variation in oxygenation expressed as histogram distributions of p O 2 values in the tissue that result from the increase in the distances between well-supplied vessels (p O 2 = 100 mmHg) arranged regularly. As expected, an increased intervascular distance means that more and more cells are dependent on the limited oxygen supply from a single blood vessel. This results in an impaired supply of oxygen to the more distant cells and therefore leads to an increase in the fraction of diffusion-limited hypoxic cells. For the poorly supplied tissues (right-hand panels with blood p O 2 = 40 mmHg) most of the cells have poor oxygen levels for any intervascular distance. It can, however, be seen that even in this case the oxygenation worsens as the intervascular distance increases.
Results
However, intervascular distance is not the only parameter of the distribution that determines all the details of the tissue oxygenation. As shown in figure 3, when the distribution of intervascular distances is broadened (left-hand panels), the oxygenation of the cells becomes poorer (right-hand panels). This is because a tissue with a broad distribution can be interpreted as having quite an important fraction of the blood vessels in remote and isolated locations (the distance from these vessels to the neighbouring vessels is quite large). This means that the cells in large regions of the tissue are dependent on the oxygen supply of these isolated vessels and as seen from figure 2 this is a situation with impaired or even poor oxygenation. As seen from panels 3(c) and (d), when the distribution is relatively narrow (i.e. even the remotest vessels are still relatively close to the other vessels), the overall oxygenation does not change very much from the case of a regular lattice (panels 3(a) and (b)). However, as more and more vessels have remote locations (panels 3(e)-(h)), more and more cells have a limited supply of oxygen. It is thus possible that a tissue with a reasonable mean intervascular distance of 100 µm but with a broad distribution (coefficients of variation of the distribution of 15%) may have poorer oxygenation (figure 3(h)) than a tissue with regularly spaced vessels at 200 µm (figure 2(g)). Our assumptions regarding the distribution are not unreasonable as such large coefficients of variation have indeed been measured in tissues (Konerding et al 1999) . Figure 4 shows a simulation of diffusion-limited (chronic) and perfusion-limited (acute) hypoxia in a tumour tissue characterized by a mean intervascular distance of 90 µm and a distribution with a coefficient of variation of 5%. We have chosen to use a blood p O 2 of 40 mmHg in this case because tumour blood vessels often originate from the venous side of the vasculature (Vaupel et al 1989) . We have first simulated a tissue with the characteristics above and by solving the oxygen diffusion equation we have obtained an oxygenation map ( figure 4(a) ) that reflects only the effects of the limited diffusion of oxygen into tissue. The results are also presented as a histogram distribution of the p O 2 values in the simulated tissue ( figure 4(b) ). As described in the section on conditions of simulation, acute hypoxia was then simulated by randomly removing a certain fraction of the blood vessels in the tissue and solving the oxygen diffusion equation under the new conditions. The result was an oxygenation map ( figure 4(c) ) that reflects the effect of the closure of some blood vessels superimposed on the diffusion-limited hypoxia case described in figures 4(a) and (b). As can be seen in figure 4(c), the collapsing of some of the blood vessels in the tissue results in whole tissue areas with poor oxygenation that change completely the shape of the histogram distribution of the p O 2 values in the tissue (figure 4(d)) in a manner that cannot be predicted by the black-and-white approach that is usually employed. This complex change of the oxygenation pattern suggests that it is very difficult, if not impossible, to distinguish between the acutely and chronically hypoxic cells solely by looking at the p O 2 histogram distributions in the two cases. This distinction is a very important issue as the two types of hypoxia may have different radiobiological responses Daşu 1999, Daşu 2000) . It would be interesting to see if there is any correlation between the fraction of closed blood vessels and the amount of acute hypoxia expressed as the increase in the fraction of values below a certain threshold (e.g., 2.5 or 5 mmHg). Table 1 shows the results for several simulations of acute hypoxia on the same initial tissue. It was assumed that the tissue is supplied by blood vessels having a p O 2 of 40 mmHg. The results show that the closure of 25% of the blood vessels may result in a net acute hypoxic fraction ranging between 6.4 and 27.3% if the hypoxic threshold is 2.5 mmHg or between 15.2 and 40.3% if the hypoxic threshold is 5 mmHg, meaning that it is hard to correlate the amount of hypoxia with the fraction of closed blood vessels at any given moment.
The explanation of the large observed variation resides again in the details of the individual distribution of the blood vessels. If one has to deal with a regular lattice of blood vessels, on first approximation the removal of any vessel will have the same influence on the oxygenation of the tissue. But if the blood vessels have a distribution with a certain non-negligible width, one has to take into consideration the randomness of the process of closure of the blood vessels. Thus, if the collapsing blood vessels are in a tissue region with a high vascular density, their disappearance may not influence the oxygenation of their surroundings very much, leading to only a small increase in the 'hypoxic fraction', i.e. a small acute hypoxic fraction. On the other hand, for the regions with sparsely situated blood vessels, the closure of a blood vessel has almost catastrophic consequences for its surroundings, many cells thus lacking their only oxygen source, leading to a large fraction of acutely hypoxic cells.
Discussion
Theoretical simulation of the tissue microenvironment is a very powerful tool that can provide quantitative data for accurately describing tumour tissues based on basic measurable physical parameters. For our study, we have started from the general equation (equation (4)) that describes the movement of oxygen in tissue under the influence of diffusion and consumption in a two-dimensional geometry. The method proposed in this paper for the theoretical simulation of tissue microenvironment starting from the basic principles and could therefore be used to quantify the tissue oxygenation for a broad range of types or classes of tissues with vascular structures derived experimentally. Several experimental methods are indeed available to describe the structure and/or the dynamics of tissue vasculature (Konerding et al 1999 , Bussink et al 1999 , Rijken et al 2000 . The results of this simulation can easily be used as input parameters for other simulations such as the prediction of tissue response to radiation or the theoretical investigation of the invasiveness of various experimental methods.
Our modelling showed that all the details of the vascular network of a tissue are important in characterizing its oxygenation. The mean intervascular distance is a useful parameter for a qualitative characterization of the tissue microenvironment, but the width of the distribution of intervascular distances is almost equally important in obtaining a quantitative characterization of the oxygenation. This is because a broad distribution may indicate that an important fraction of the tissue blood vessels is sparsely situated and therefore that an important fraction of the cells of the tissue is very poorly supplied with oxygen and nutrients, even if the average intervascular distance in the whole tissue is relatively small.
It can be demonstrated that the details of the distribution are more important for tumours than for normal tissues. Thus, while all tissues seem to have more or less the same width of the distribution of intervascular distances, tumours have rather large mean intervascular distances (figures 1(a)-(d)) compared to normal tissues (figures 1(e) and (f)). For normal tissues, the width of the distribution is not very important as almost all the intervascular distances are smaller than the maximum diffusion distance in the tissue and thus all cells are very well oxygenated. For the tumours however, the large average intervascular distances mean that even for a regular lattice there are some cells with poor oxygen supply. But in a real situation some blood vessels may be even further apart than others, leading to rather large regions with cells that may completely lack the necessary oxygen supply. This demonstrates that all the details of the vasculature are needed in order to characterize the tissue oxygenation. As a corollary of this observation, it is very important to check for the relevance of the distribution for the particular case that has to be investigated. Thus, average distributions may be used, for example, for characterizing the microenvironment of classes of tumours, but the results may not be relevant for all individual cases as some may differ significantly from the average. Also, the use of distributions measured only in a part of the tissue (e.g. regions with high vascular density) may lead to mistakes, as all the distribution is needed in order to characterize the microenvironment in all the tissue.
Our approach also allowed the modelling of the two types of hypoxia, as well as their influence on the tumour microenvironment. The temporary closure of some blood vessels determines the appearance of whole tissue regions with impaired oxygen supply. However, the resulting oxygenation pattern depends greatly on the tissue vasculature. Regular lattices are similarly affected by the closure of any blood vessels in any region, but this is a rare case. In practice, tissues have irregular networks that are affected differently by the blood vessels collapsing in different regions. Obviously, regions with high vascular density are little affected by the random closure of a blood vessel. On the other hand, collapsing vessels in regions with low vascular densities lead to the appearance of a large fraction of acutely hypoxic cells. Therefore it is not possible to predict the amount of tissue hypoxia at a certain moment based solely on the fraction of closed vessels. Averages or ranges of values for many simulations may be useful for describing the response of tumour types, but the random factor has to be taken into consideration for individual cases that may differ from the average.
The complex change of the tumour oxygenation resulting from the random closure of a few blood vessels has some other implications for predicting the tissue response to radiation as the two types of hypoxia may be radiobiologically different Daşu 1999, Daşu 2000) . There is evidence that oxygen and other nutrient depletion characteristic of diffusion-limited hypoxia leads to impaired cellular repair mechanisms and therefore to a radiosensitization. However, this is a process with a long time scale and does not appear for cells for which the supply of nutrients is briefly interrupted as is the case for the regions surrounding a temporarily collapsed blood vessel. As tissue oxygenation can be characterized by a grey scale of situations, accurate information on the repair characteristics of each cell is also needed in order to predict realistically the response to radiation. Such information, however, is not contained in the histogram distributions of p O 2 values and one has to use all the oxygenation maps that describe the situation before and after the closure of the vessels.
Conclusions
This paper presents a method for describing the tissue oxygenation starting from physical processes and measurable parameters. It also presents a novel and simple method to simulate the effects of the transient closure of some blood vessels that result in the appearance of acute hypoxia.
Theoretical simulation depends greatly on the modelling parameters and this is because the physical processes simulated are strongly dependent on the initial conditions in the tissue. This means that care has to be taken in choosing the modelling parameters, especially when such parameters are obtained from methods with little known invasiveness.
Our results show that all the parameters describing tissue vasculature are important for describing tissue oxygenation. Average intervascular distance may give an indication of the tissue oxygenation, but the width of the distribution of inter-vessel distances or other similar parameters are needed in order to characterize the tissue. Consequently, partial distributions (i.e. relevant for a region of the tissue, but not for the whole tissue) may be misleading for the accurate description of the oxygenation. Furthermore, due to the non-regular distribution of the blood vessels throughout the tissue, acute hypoxia cannot be described fully by the fraction of closed blood vessels in most situations. Therefore individual information is preferable in order to describe the oxygenation of a particular tissue. This paper shows the robustness of the theoretical modelling as an alternative and/or complementary tool to determine in a non-invasive manner the oxygen distribution in tissues. The quantitative data thus obtained can be used for describing quantitatively tumour tissues or as a reference on which the invasiveness of various other experimental techniques can be theoretically investigated.
